Objective To assess the safety, efficacy, and relative expense of a nurse-led fecal microbiota transplantation (FMT) program for the treatment of recurrent Clostridium difficile infection (CDI).
Results A total of 47 intragastric FMT procedures were performed in 42 children (median age 9 years) with recurrent CDI. Response to treatment varied by disease status, with 94% success in previously healthy children, 75% in medically complex children, and 54% in children with inflammatory bowel disease (P = .04). FMT via intragastric delivery showed lower facility and professional charges by 85% and 78% compared with delivery via colonoscopy and radiology-placed nasoduodenal tube, respectively. The use of stool derived from a donor stool bank decreased charges by 49% compared with charges associated with the use of a donor who was a relative.
Conclusion A nurse-led intragastric FMT procedure using stool derived from a donor stool bank is a relatively inexpensive and efficacious treatment for recurrent CDI in children. Intragastric FMT success in children was attenuated by the presence of underlying disease, particularly inflammatory bowel disease. (J Pediatr 2018; 194:123-7) .
T he prevalence of Clostridium difficile infection (CDI) is increasing in both adult and pediatric patients. 1, 2 Antibiotic therapy remains the standard first-line therapy for CDI, but the significant rise in highly virulent strains of C difficile and recurrence rates between 15% and 30% have challenged clinicians to discover alternative therapies for the treatment of CDI. [3] [4] [5] Fecal microbiota transplantation (FMT) has emerged as the standard of care in the treatment of patients with recurrent CDI for whom antibiotics have not been successful. 6, 7 Although series of FMT for the treatment of recurrent CDI in pediatric patients have demonstrated efficacy rates equivalent to adults, overall reported experience in children remains small. 8, 9 There are variables of FMT that differentiate treatment protocols and potentially influence treatment efficacy and/or expense. These include the source of donor stool, route of donor stool delivery, setting of the procedure, and the type of healthcare professional who performs the procedure. The most common route of FMT delivery is via the lower gastrointestinal (GI) tract, either by colonoscopy or enema, with reported treatment success of 88%-95%. 10 However, colonoscopy in particular is an expensive procedure that usually requires general anesthesia in children. In small series, the delivery of FMT into the upper GI tract has demonstrated efficacy approaching that of colonoscopy. 9, 11, 12 The donor source for FMT traditionally has been a firstdegree relative, requiring the donor to undergo expensive testing to assess for potentially transmissible infectious agents before providing a donation to a single recipient. With the development of public stool banks, however, there is an opportunity for spreading the costs of donor testing across multiple FMT recipients. 13 With heterogeneity in FMT protocols and gaps in our knowledge of treatment efficacy in children, there is opportunity to evaluate the value of this procedure in pediatrics. Value can be defined as healthcare outcome relative to cost. 14 Therefore, the goal in maximizing value for the FMT procedure is to deliver donor stool at the lowest possible cost without sacrifice of clinical success, which has been approximately 90%. 7 We describe the initial outcome and charge-savings data from a nurse-driven pediatric FMT program for the treatment of recurrent CDI disease in children. Specific program design elements 
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intended to decrease costs of FMT included delivery in an ambulatory setting, intragastric administration of stool, use of a donor stool bank, and performance by a nurse rather than physician.
Methods
The study was a retrospective cohort design with data extracted from the electronic health record. The study was approved by the Colorado Multiple Institutional Review Board. Inclusion criteria included all patients who received intragastric FMT at Children's Hospital Colorado from March 2015 through September 2016. All patients received FMT as treatment for recurrent CDI, as defined by a positive fecal C difficile polymerase chain reaction test (Xpert C. Difficile; Cepheid, Sunnyvale, California) in combination with characteristic symptoms of diarrhea, hematochezia, or crampy abdominal pain. To be eligible for FMT, patients had to have greater than 2 episodes of CDI and have failed at least 1 course of therapy with oral vancomycin. Children were defined as medically complex if a diagnosis preceding CDI required chronic care by a pediatric subspecialist.
All parents or guardians provided informed consent for FMT, and patients older than 7 years provided assent. Pretreatment for the procedure included a minimum of 5 days of oral vancomycin that was discontinued 2 days before FMT. All patients were treated with ranitidine for 24 hours immediately preceding FMT. On the day of FMT, patients had a nasogastric feeding tube (NGT) placed by a registered nurse (RN) in the ambulatory clinic. Some patients with a pre-existing gastrostomy tube received their intragastric FMT via their current tube. Correct intragastric placement of the NGT was confirmed by abdominal radiography.
Once placement was confirmed, the FMT procedure was started. Donor stool was received from a stool donor bank (OpenBiome, Cambridge, Massachusetts) in 30-mL frozen aliquots or oral capsules and stored in a −20°C freezer. OpenBiome maintains a rigorous safety program that requires regular laboratory screening of its donors. 15 A 30-mL aliquot was thawed immediately before the procedure. Once thawed, the 30-mL stool aliquot was infused over 2 minutes into the stomach through the gastric tube and flushed with 60 mL of tap water. Patients were observed by the RN for 10 minutes in the clinic before NGT removal, then an additional 10 minutes after NGT removal before discharge from the clinic.
All families were contacted by phone or secure electronic correspondence at 2 weeks and 3 months post-FMT to assess treatment response and side effects of treatment. Treatment success was defined as the absence of diarrhea, hematochezia, and abdominal pain at 3 months post-FMT or, when symptoms persisted, a negative C difficile test. Patients who experienced a recurrence of symptoms before 3 months post-FMT were offered the option to receive a second FMT in a procedure identical to the first. If symptoms were resolved with the second FMT, those patients were considered a treatment success.
Hypothetical analysis of procedural charges was conducted by obtaining average charge data from Children's Hospital Colorado for the following standard procedures: diagnostic colonoscopy under general anesthesia and fluoroscopicassisted nasoduodenal tube placement. Charges included both technical and professional fees for these procedures. Charges associated with the actual FMT procedure included 2 hours of RN staffing, an ambulatory clinic charge to account for the 2 hours use of a clinic room, and both technical and interpretation charges associated with the abdominal radiography for NGT placement confirmation. Equipment costs (feeding tubes, tape, syringes, etc) were rolled into the procedural and ambulatory clinic charges.
For comparison of charges by stool donor source, we obtained charge data from a standard commercial laboratory (LabCorp, Burlington, North Carolina) for the following tests: stool polymerase chain reaction for C difficile toxins A/B, stool bacterial culture, stool cryptosporidium and giardia antigen assay, stool ova and parasites, serum for HIV serotypes 1 and 2, hepatitis A (Anti-HAV IgM), hepatitis B (HBsAg and AntiHBs), hepatitis C (Anti-HCV IgG and IgM), and rapid plasma reagin. Charges for stool donor bank aliquots were based on procurement charges from OpenBiome, 20% of standard shipping charges (assuming 5 aliquots per shipment), and hospital pharmacy storage and administration charges.
The Fisher exact test was used to assess whether group disease status (previously healthy, inflammatory bowel disease [IBD] , and medically complex) and route of delivery (NGT, gastrostomy tube, and capsule) impacted treatment outcome.
Results
During the study period, 42 unique patients received FMT at Children's Hospital Colorado. The median age of the study population was 9 years (range, 1-18 years) and 45% were male. Thirty-one percent of the study population had IBD (Table I ; available at www.jpeds.com) and 29% were medically complex with oncologic, metabolic, cardiopulmonary, or neurologic diagnoses (Table II ; available at www.jpeds.com). Thirty patients were treated successfully with an initial FMT. After not responding to their first treatment, 5 patients elected to have a second FMT procedure within 3 months, and 2 of those patients achieved treatment success. The outcome of treatment success, therefore, was achieved in 32 of 42 patients (76%). There was a significant difference (P = .04) in treatment outcome by the presence of underlying disease (Figure 1) . Ninety-four percent of otherwise-healthy children were treated successfully with FMT, whereas only 75% of medically complex children responded successfully. Treatment success dropped further to 54% in children with IBD. Success by method of upper GI tract FMT delivery was 71% by NGT and 67% by gastrostomy tube (P = .99). The single treatment by ingestion of 30 oral capsules was successful.
The only reported postprocedural complication was vomiting within 24 hours of the FMT, which occurred in 6 of 47 (13%) procedures. In all cases, the vomiting was a single, selflimited episode that did not require medical treatment.
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Total facility and professional charges were modeled for FMT as if administered via diagnostic colonoscopy under general anesthesia or via radiologist-placed nasoduodenal tube (no sedation). These hypothetical procedural charges were compared with charges from our FMT procedure, accomplished via NGT placed by a RN in a hospital outpatient setting (Figure 2) . In this analysis, a stool bank was modeled as the stool donor source, and no differences in stool aliquot size or cost were assumed. Compared with FMT via colonoscopy ($7767) and nasoduodenal tube ($4998), FMT administration via nurse-placed NG tube ($1139) decreased total healthcare charges by 85% and 78%, respectively.
Standard outpatient commercial laboratory charges for screening of a single first-degree relative as stool donor amounted to $1154 per stool donor. By comparison, the charges associated with procurement, storage, and administration of banked stool donor material from OpenBiome totaled $628, a 46% reduction in charges for donor stool.
Discussion
In this study, administration of FMT via upper GI tract delivery to children with recurrent CDI achieved a high rate of treatment success (94%) in otherwise-healthy patients. These data add to previous reports suggesting that upper GI tract delivery is as effective as lower tract GI delivery in treating recurrent CDI; and frozen, unrelated donor stool is as effective as fresh donor stool obtained from a close relative. Furthermore, we demonstrate that FMT delivery by this method is safe, well tolerated, and inexpensive compared with FMT delivered by colonoscopy or nasoduodenal tube.
However, using this FMT technique, we observed attenuated treatment success in children with significant comorbidities, particularly IBD. We do not know whether our attenuated treatment success in children with IBD and medically complexity represents a limitation of our treatment strategy or represents actual real-world efficacy in these specific pediatric patient populations. There are limited data reporting outcomes from FMT in pediatric patients with both IBD and recurrent CDI. Using FMT delivery via colonoscopy, Russell et al described success in 2 of 3 patients whereas Hourigan et al observed 100% success in 5 patients. 8, 16 There is a significant challenge for patients with IBD in gauging the relative contribution of IBD activity vs CDI in driving patient symptoms. The presence of infection may trigger an inflammatory cascade and IBD flare that persists even after resolution of the infection. In the setting of IBD, FMT also has been associated with worsening IBD symptoms in up to 14% of recipients. 17 Asymptomatic C difficile carriage occurs in patients with IBD at a rate 6 times that of healthy controls. 18 Asymptomatic carriage may confound interpretation of C difficile testing in this population, lending plausibility to the theory that our diminished FMT success in patients with IBD was due in part to IBD activity and C difficile colonization rather than active CDI.
Alternatively, larger numbers of donor bacteria may be required for treatment success of recurrent CDI in patients with IBD. Delivery of greater bacterial counts may be achievable via colonoscopy compared with upper GI tract delivery, as aliquots of stool donor specimens typically are larger in FMT via colonoscopy and the passage of bacteria through the stomach and small bowel may reduce the viable bacterial load reaching the colon. However, the ultimate success of FMT may not be attributable directly to the size of the bacterial transfer. Emerging data suggest that specific strains of bacteria, specifically those critical to production of secondary bile acids, are deficient in patients with recurrent CDI and restored in patients who achieve treatment success. 19 The presence of non-IBD medical complexity, including preexisting oncologic and neurologic disease, also decreased the likelihood of treatment success. This group of children may be at greater risk of CDI recurrence post-FMT as the result of increased contact with healthcare facilities, greater levels of antibiotic exposure, and the presence of indwelling GI feeding devices. 20, 21 There are important considerations about treatment safety in the medically complex pediatric population. Patients with complex craniofacial anatomy may not be appropriate for NG insertion. Patients at high risk for gastroesophageal reflux and/or aspiration, including patients under general anesthesia, are not good candidates for intragastric FMT delivery. 22 If there is concern for undiagnosed IBD or other GI pathology, FMT via colonoscopy may be preferable, as this procedure has the potential to be both diagnostic and therapeutic.
Our approach to FMT in children, summarized as a nursedriven procedure using upper GI tract delivery of stool acquired from a donor stool bank, has many benefits. First, delivery by upper tract incurs a fraction of the healthcare charges compared with the traditional route of FMT by colonoscopy. Second, we have shown treatment success comparable with published data in otherwise-healthy children receiving FMT via colonoscopic administration. Lastly, our data show that use of a donor stool bank is as effective as use of related donor stool, again decreasing expense. If CDI continues to increase in incidence in the pediatric population, we anticipate that FMT will be increasingly sought by patient families and providers. Lowering charges associated with FMT will ensure that this highly effective therapy is accessible to patients.
Strengths of this study include the relatively large number of subjects, the largest reported series of FMT in children. The assessment of treatment response was consistent for all subjects at 3 months post-FMT. Our study has several limitations: the research was retrospective, so although we used a standardized data collection form, clinical evaluations and treatment may have differed depending on the individual providers who were caring for these children. As there is currently no assay available to differentiate C difficile colonization from infection, interpretation of C difficile testing remains challenging in children with high rates of colonization, specifically children with IBD or frequent contact with hospital environments. 23 Several children with IBD classified in our study as FMT treatment failures may have had active IBD with C difficile colonization.
In conclusion, our study provides important treatment efficacy data from a novel, nurse-led FMT program in a heterogeneous patient population at a tertiary pediatric hospital. We demonstrate very high levels of treatment success in previously healthy children using a relatively inexpensive FMT procedure. Treatment success was attenuated significantly in patients with IBD. ■ Submitted for publication Jun 15, 2017 ; last revision received Sep 26, 2017; accepted Oct 12, 2017 Reprint requests: David E. Brumbaugh, MD, Children's Hospital Colorado, 13123 E. 16th Ave, B290, Aurora, CO 80045. E-mail: david.brumbaugh@ childrenscolorado.org
